oil water management is one key to sustaining an agricultural ecosystem, and maintaining profitable agricultural production. Water held in a rooting zone varies from soil to soil, and from one soil horizon to another. Soil profiles are heterogeneous, owing to textural, mineralogical, and structural changes with depth, which in turn affects hydraulic conductivity, erodibility, and water retention. Plant vigor is usually reduced when there is a deficient or excessive water supply to a root zone. Insufficient water in a root zone hinders nutrient uptake and ultimately decreases the rate of photosynthesis. Excessive water in a root zone limits oxygen availability, resulting in anaerobic condition. The area of interest for this research is located in southern Miami-Dade County, Florida, east of Everglades National Park. The climate of the region is subtropical marine, characterized by long warm rainy summers, and usually mild dry winters. Rainfall varies greatly by location during the year and deviates annually. Total annual precipitation for the region is approximately 140-150 cm, of which about 28 cm falls from November to March. The soil used in agriculture production, porous oolitic The mention of trade or manufacturer names is made for information only and does not imply an endorsement, recommendation, or exclusion by the USDA-ARS.
The author is Mohammad R. Savabi, ASAE Member, Research Hydrologist, USDA-ARS, Everglades Agro-Hydrology Research Project, Miami, Florida. Corresponding author: Mohammad R. Savabi, USDA-ARS, Everglades Agro-Hydrology Research Project, 13601 Old Cutler Road, Miami, FL 33158; phone: 305-254-3633; fax: 305-238-9330; e-mail: rsavabi@saa.ars.usda.gov. limestone, has a very low water and nutrient holding capacity. Large quantities of water and nutrients are needed to ensure crop production (Schaffer, 1995) . The hydrologic regime of the region, specifically the drainage and groundwater level, may change significantly due to proposed restoration plans for Everglades National Park. Therefore, there is a need to understand the hydrologic behavior of the soils. Due to a high groundwater table, especially during the wet season, surface water runoff must not be overlooked either. Herein lies the need to understand saturated soil conditions.
Measuring plant growth, soil erosion, and hydrologic processes for every farm in south Florida is not a realistic option. Therefore, a modeling approach needs to be taken to assess how changes in the local hydrologic regime may affect agricultural production. A farm-scale model called the Everglades Agro-Hydrology Model (EAHM) is currently under development for south Florida ( fig. 1 ). This process-based, deterministic model will simulate processes such as evapotranspiration (ET), percolation, plant growth, infiltration, soil erosion, and the movement of agricultural chemicals within a soil profile. The EAHM will enable land users and regulatory agencies to evaluate, predict, and extrapolate possible hydrologic impacts on agricultural production resulting from the proposed Everglades Restoration Plan. The EAHM will be an upgrade of the USDA Water Erosion Prediction Project (WEPP) model, version 95.7 (USDA, 1995) . This upgrade will include the addition of: 1) the fate and transport of agrochemicals, 2) plant growth stress due to nutrient deficiencies and flooding, 3) EAHM and regional model linkage using GIS, 4) improved rainfall/runoff relationships, and 5) simulated effects of upward flux from the shallow groundwater table. Soil hydraulic properties, such as unsaturated hydraulic conductivity, saturated hydraulic conductivity, rill and interrill erodibility, and soil water retention, are important requirements in the application of hydrologic models. Large numbers of soil water samples are needed to characterize an area such as the C-111 basin in south Florida ( fig. 2) . A method to estimate soil hydraulic parameters such as bulk density, soil texture, and organic matter content from readily available data has been suggested by several investigators (e.g., Rawls et al., 1991; Risse et al., 1994; Timlin et al., 1996a) . A sensitivity test of the WEPP model indicated that saturated hydraulic conductivity is the most important parameter in predicting infiltration rates and therefore storm runoff (Nearing et al., 1990) . There are established methods that estimate saturated hydraulic conductivity for comparative modeling. However, there is no standard method of determining saturated hydraulic conductivity for a given soil condition.
S
Recently, a study by Risse et al. (1994) compared different methods for determining saturated hydraulic conductivity. The results of that study were used to predict the baseline saturated hydraulic conductivity for the WEPP model. However, there is a question about the accuracy of the predicted properties compared with actual observed values. There have been several studies to investigate influences of estimated soil hydraulic properties while using field-scale mechanistic simulation models (Hendrickx et al., 1991; Loague, 1992) . Wosten et al. (1990) compared four methods for estimating hydraulic functions and compared their accuracy using simulated and measured water storage. They reported that the use of estimated hydraulic properties from locally measured data provides the best compromise between cost of directly measured data and the accuracy of estimated properties. Timlin et al. (1996b) reported methods to estimate soil hydraulic parameters for regional-scale applications of mechanistic models. They further evaluated the influence of estimating soil properties to calculate crop yield using a crop yield simulation model (Acock and Trent, 1991) . They concluded that those estimated soil properties may be useful only if long-term averages of crop yields are desired.
In this study, different methods were evaluated to determine soil water characteristics needed for application of the WEPP model. The objectives of this study were: 1) to measure soil hydraulic properties using rainfall simulation and model calibration methods, 2) to compare different methods that determine soil hydraulic conductivity, soil erodibility, and soil water retention, and 3) to evaluate the influence of different methods for estimating soil properties on simulated ET, storm runoff, crop growth, deep seepage, and soil erosion in south Florida. 
METHODS AND MATERIALS

MODEL DESCRIPTION AND PARAMETERS
The EAHM ( fig. 1 ) will simulate plant growth, water balance, storm runoff, infiltration, ET, subsurface flow, erosion, and the movement of agricultural chemicals for farms of the region.The proposed model uses hydrology, erosion, and crop growth from the WEPP model. A brief description of methodologies employed by the WEPP model to compute storm runoff and soil erosion is provided here (more details can be obtained from USDA, 1995) . The WEPP hydrology model maintains a continuous daily hill slope water balance by linking infiltration, ET, percolation, and subsurface drainage flow (Savabi et al., 1989) . Excess rainfall is calculated as the difference between rainfall and infiltration. The infiltration equation used in the WEPP model is a solution of the single-layer Green and Ampt equation (1911) for unsteady rainfall, as presented by Chu (1978) :
where f = infiltration rate (cm h -1 ) K e = effective saturated hydraulic conductivity (cm h -1 ) N s = effective matric potential (cm) F = cumulative infiltration depth (cm) f e = effective porosity in 0-20 cm of soil (cm 3 cm -3 ) Q i = initial volumetric soil water content in 0-20 cm of soil (cm 3 cm -3 ) Y f = average capillary potential across the wetting front (cm)
Values for "baseline" effective conductivity (K b ), may be estimated using the following equations (USDA, 1995): For soils with <40% clay content:
For soils with > 40% clay content:
The WEPP model uses a capacity-based soil water routing routine to simulate soil water redistribution (Savabi et al., 1995) . In each soil horizon, moisture in excess of field capacity (q fc , moisture at 33 kPa for most soils) will percolate to the next lower horizon. The wilting point (q d , moisture at 1500 kPa for most soils) is the lower limit of soil moisture for the model. Therefore, estimating q fc and q d is important in simulating soil water percolation and available soil moisture. These data can be used to estimate a soil moisture release curve, for which there are several methods (Brooks and Corey, 1964; Campbell, 1974; Van Genuchten, 1980; . The WEPP model uses regression equations developed by Rawls et al. (1991) to determine q fc and q d : 
where q fc = volumetric water content at -33 kPa (cm 3 cm -3 ) q d = volumetric water content at -1500 kPa (cm 3 cm -3 ) sand = fraction of sand orgmat = fraction of organic matter clay = fraction of clay CEC = cation exchange capacity (meq 100 g -1 of soil) ρ = soil bulk density (g cm -3 ) For erosion simulation, the WEPP model predicts rill and interrill erosion along a hill slope (USDA, 1995) . Due to the lack of a predominant slope in south Florida, interrill erosion is the dominant erosion process and was evaluated in this study. Interrill erosion is calculated in the WEPP model using the following equation:
where D i = interrill erosion (kg m -2 ) K iadj = adjusted interrill erodibility (kg s m -4 ) I e = effective rainfall intensity (m s -1 ) s ir = runoff rate (m s -1 ) SDR = sediment delivery ratio F nozzle = nozzle factor for energy variation R s = capacity of rill (m) W = rill width (m) Baseline interrill erodibility (K ib ) is adjusted in the WEPP model for the effects of soil consolidation and freeze/thaw conditions. If data are not available, the model uses 5,300,000 for K ib (USDA, 1995 Each of the boxes was placed under a programmable rainfall simulator and subjected to a 1-h rainfall event with an intensity of 13 cm h -1 . The rainfall simulator housed a set of oscillating nozzles (VeeJet No. 80100, Spraying Systems Co., Wheaton, Illinois) spaced 1.07 m apart (Foster et al., 1979) and located 3.5 m above the soil surfaces. After every rainfall simulation, soil was added to each box for the subsequent simulation. Collection troughs, installed on the lower end of each box, directed runoff and sediment leaving the boxes. Runoff and sediment samples were taken manually at 3 to 5 min intervals. Volume of runoff measured for any given period was converted to a value of depth. Infiltration rates were calculated as the difference of runoff depth from rainfall. A chemical solution of 2 to 4 mL of saturated alum (AlK(SO4)2), was added to each sediment sample to precipitate suspended solids. After sediment deposition at the bottom of each vial, excess water was decanted. Samples were then oven-dried for 24 hours and weighed. Soil erosion from each run was determined by integrating the product of runoff volume and soil loss over the entire rainfall simulation period. This procedure was repeated three times for each soil.
A new soil moisture monitoring system (EnviroSCAN, Sentek Pty Ltd, South Australia) was used to monitor soil moisture at different depths during the simulated rainfall events. This system has been widely used in Australia since 1991 (Buss, 1993) and has recently been introduced in the United States. The multi-sensor capacitance system consists of a plastic extrusion containing a datum setting handle, a printed circuit board, and connectors for capacitance sensors at 0.1 m increments along its length (Paltineanu and Starr, 1997) . The EnviroSCAN device was calibrated by first comparing instrument readings with the observed gravimetric soil moisture content measured over time. Soil samples were processed by soil analysis laboratories to evaluate organic matter content, water retention values, pH, and texture.
Data collected for each soil were used: 1) to determine saturated hydraulic conductivity, 2) to determine water retention curves, 3) to determine interrill erodibility, and 4) to calibrate the WEPP model for soil hydraulic properties. 
RESULTS ESTIMATING SOIL PARAMETERS
Solution of the Green and Ampt infiltration equation for saturated hydraulic conductivities (K s ) was one method used in this study. Data from the rainfall simulation study, including final infiltration, accumulated infiltration, and effective matric potential, were used to calculate K s . Solving the Green and Ampt infiltration equation for K s results in:
where K s = saturated hydraulic conductivity (cm h -1 ) final f = final rate of infiltration (cm h -1 ) F = total infiltration (cm) N s = effective matric potential (cm). Soil moisture and suction at the wetting front were used to calculate effective matric potential (USDA, 1995) .
Another method for determining K s is the method reported by Risse et al. (1994) . They derived an equation for calculating K s from the WEPP model rainfall simulation data (Elliot et al., 1989) 
SOIL WATER RETENTION
Soil water content at 33 kPa and 1500 kPa for the three main soil series in south Florida is presented in table 3. Tensiometer and soil moisture monitoring was used to produce a water release curve. However, tensiometer measurements were limited to suction near 80 kPa, so soil samples were sent to a laboratory for production of water retention curves. Soil water content at 33 kPa and 1500 kPa varied significantly depending on which method was used. The WEPP model is very sensitive to these parameters. Errors in estimation of water holding capacity should affect model outputs, such as plant-available water, plant growth, infiltration rate, runoff, and ET. . [b] Measured using soil moisture and tensiometer and fitting regression equation to estimate 1500 kPa. [c] WEPP-calculated (eqs. 5 and 6) using NRCS soil data. [d] Measured using soil samples from agricultural areas and analyzed by a commercial soil laboratory.
SOIL EROSION
Interrill erosion is the dominant form of erosion in south Florida and was the only process studied. Different values of interrill erosion, as determined by equation 8 or 9, are presented in table 4. In addition, the WEPP model, single-storm version, was calibrated for K i using the observed soil loss. The K i values that resulted in the smallest discrepancy between model simulation and measured soil loss are presented in table 4. 
MODEL SIMULATIONS
Comparisons of values, as shown in tables 2 through 4, indicate discrepancies between different methods for determining soil hydraulic parameters. However, as reported by Timlin et al. (1996b) , the comparison of hydraulic parameters alone will not show their influence on long-term hydrologic model simulations. For example, saturated hydraulic conductivity is used in the WEPP model to simulate infiltration, storm runoff, and subsurface lateral flow. Errors in predicting K s , and ultimately infiltration rates, influence predicted storm runoff, soil erosion, soil water content, plant-available water, crop yield, and ET (Savabi et al., 1989) . Furthermore, errors in estimating the water holding capacity for a given soil will influence simulated percolation, root zone soil moisture, plant growth, and leaching of agrochemicals below the root zone. Hence, the entire model needs to be tested using different parameters to show the influence of parameter estimation on the simulated hydrologic variables. 
Soil Name
Bulk Density (g cm -3 ) [a] K s (mm h -1 ) [b] K s (mm h -1 ) [c] K s (mm h -1 ) [d] K b (mm h -1 ) [e] K b (mm h -1 ) [f] K b (mm h -1 ) [ . [d] Equation 11 (data from Elliot et al., 1989; in Risse et al., 1994) . [e] WEPP-predicted K b (equations 3 and 4) . [f] The result of calibrating the single-storm version of the WEPP model using measured runoff data.
[g] Solution of the Green and Ampt infiltration equation for K s (eq. 10) using measured infiltration data.
The model was tested on three farms located in south Florida's agricultural region to evaluate the influence of different methods for determining soil water parameters on simulated hydrologic variables. Three typical farms in south Miami-Dade County, where the soil samples were taken, were used for the model simulations. The farms were assumed to produce a tomato crop. The WEPP model requires four input files: soil, climate, management, and slope profile (USDA, 1995) . Collected soil data, such as bulk density, soil texture, and soil horizon thickness, were used to create the soil data file. The climate file was created using the CLIGEN model (USDA, 1995) . Ten years of climate data were generated based on historic data for south Florida. For the management file, information such as planting date, irrigation scheduling, and other required variables were gathered from local agencies and the landowners. A file for slope profile was created using topographic data for a typical farm of the region.
It was assumed that calibrated K s is the best value to use when simulating hydrologic variables. Model-simulated hydrologic variables were compared using the WEPP-calculated baseline K s and the calibrated K s . The WEPP model with the sprinkler irrigation option was used for this study. This option has two variables: fixed irrigation or depletion method. The depletion method was used in this study. The depletion method is designed to automatically initiate irrigation of the soil when soil water content falls below 25% of available water content. A tomato yield of 4 kg m -2 was set as the average yield for a farm in south Miami-Dade County. The WEPP model adjusts the given K s for the effects of management, such as tillage and vegetative cover (USDA, 1995) .
The WEPP model maintains a continuous root zone water balance while simulating different hydrologic processes using the following equation:
where Dq = change in soil water content (cm) P = precipitation (cm) IR = irrigation application (cm) ET = evapotranspiration (cm) Q = storm runoff (cm) Q s = subsurface lateral flow (cm) D = deep seepage (cm)
By the previous equation, over-prediction of infiltration rates will directly affect runoff, percolation, available soil moisture, plant growth, and evaporation values. Results of the model simulations are presented in figures 3 through 10. The predicted baseline effective conductivity is adjusted by the WEPP model for the effects of soil surface crust, vegetative cover, and tillage. Comparison of model-simulated infiltration shows an underestimation for the infiltration process using the WEPP model predicted K s . However, considering the slope (1.16) and intercept (-97) of a least square analysis for the model-simulated annual infiltration results, the model is more applicable to the Krome soil than to the Chekika and Perrine soils ( fig. 3) .
Comparison of irrigation needs during the growing season is provided in figure 4 . If plant-available water was less than the plant requirement, the model assumed additional irrigation. Since the depletion method of irrigation was used, plants were not subjected to water stresses during the growing season. The model predicted that irrigation rates should be higher if K s is calculated by the model, rather than if the calibrated K s is being used; this is particularly true for the Perrine soil. In other words, if the model is to be used for irrigation scheduling, then the uncalibrated model will overestimate irrigation rates.
The result of comparing methods to determine annual ET is provided in figure 5 . The WEPP model simulated a higher annual ET when considering estimated K s as compared to calibrated K s . In the absence of tile drainage and subsurface lateral flow, infiltrated water is subject to soil and plant transpiration, evaporation, and deep seepage. Therefore, higher infiltration simulation should result in a higher prediction of annual ET.
Comparison of simulated total annual groundwater recharge values (deep seepage below the root zone) indicates that the WEPP model underestimates this variable ( fig. 6 ). Accuracy in simulating deep seepage is important in south Florida, given the fact that the water table is very shallow and movement of agricultural chemicals to the Biscayne Aquifer is of concern to environmentalists.
Simulated tomato yields were compared for the next ten years, and the results are provided in figure 7. The growing season for tomatoes in south Florida is generally from October through January. During this period, irrigation is the main source of water for agriculture. However, given that the depletion method from the WEPP model was used for application of irrigation water, there is little effect from estimated K s on tomato yield. In general, soils of south Florida are shallow (table 1) and  very permeable (table 2) ; therefore, accurate prediction of soil water holding capacity is important for optimizing irrigation scheduling and hydrologic model applications. As the water holding capacities of south Florida soils are very low (table 3) , even slight miscalculations of the water holding capacity will result in problems with predicting plant-available water, irrigation requirements and, ultimately, crop yields.
In the WEPP model, soil water contents at -33 kPa and -1500 kPa are not adjusted for the effects of tillage or changes in soil organic matter content. Therefore, user-defined initial values are used for the duration of model simulations. It is assumed that the water contents at -33 kPa and -1500 kPa determined by laboratory test are representative for the soils (table 3) . Model-simulated variables, such as irrigation and annual groundwater recharge, were compared using the WEPP-calculated and laboratory-determined water contents at -33 kPa and -1500 kPa.
The comparison between model-simulated irrigation requirements using two different methods of determining water holding capacity is presented in figure 8 . Results indicate that the WEPP model over-predicted the growing season irrigation requirement when using model-predicted soil water holding capacity for the Krome and Perrine soils.
However, the WEPP model under-predicted the growing season irrigation requirement when using model-predicted water holding capacity for the Chekika soil.
In the case of predicting groundwater recharge, the model overestimated the annual groundwater recharge for the Perrine soil ( fig. 9 ) when using the WEPP-calculated soil water holding capacity. However, the WEPP model underestimated groundwater recharge for the Krome and Chekika soils. This is due to higher water holding capacities estimated by the WEPP model for the Krome and Chekika soils. The WEPP model underestimated the water holding capacity for Perrine soil (table 3) .
In the case of predicting soil erosion, it was assumed that the model with calibrated K i should provide the best prediction. The WEPP-simulated erosion using estimated K i was compared with calibrated K i . These results are presented in figure 10 and indicate that the WEPP model underestimates interrill erosion processes when no calibration is considered. The WEPP model underestimated interrill erosion for the Krome and Perrine soils. Simulations of soil loss are important in south Florida, given phosphorus concentrations in the water bodies in and around the region. These concentrations are of major concern, as the bulk portion of phosphorous is transported by its attachment to fine sediments. The results indicate discrepancies between estimated hydraulic parameters depending on the method applied. Model simulations of hydraulic variables such as ET, infiltration and runoff, irrigation application, groundwater recharge, and plant growth are influenced by the way model parameters are determined. Calibration is probably the best way to determine soil hydraulic properties for a model such as the WEPP. However, in the absence of calibrated data, observed K s (eq. 10) is more reliable than the other methods tested here.
CONCLUSIONS
Accurate estimations of soil water characteristics are needed for the application of any hydrologic model to a region. There are no standard means of predicting soil water characteristics such as saturated hydraulic conductivity, interrill erodibility, and soil moisture retention. In this study, several methods of estimating saturated hydraulic conductivity, interrill erodibility, and water holding capacity were compared. In addition, a rainfall simulation was used to calibrate the WEPP model for the most sensitive required parameters. The influence of the estimation methods of soil properties on crop yield, infiltration, ET, deep seepage, irrigation application, and erosion was studied. However, given the fact that there are no standard methods to estimate these values, there is uncertainty as to what are the best-estimated parameters for south Florida.
It can be concluded that discrepancies between measured K s and calibrated K s were less than for any other method presented. For soil interrill erodibility, there were significant differences between the model-calculated K i and the calibrated K i . The model significantly underestimated erosion for the Krome and Perrine soils and overestimated erosion for the Chekika soil. Therefore, caution should be exercised when predicting critical parameters for hydrologic models. If a model such as the EAHM or the WEPP is used to compare different management practices, slight errors in estimated parameters may be acceptable. However, if the model is used to assess possible changes in the hydrologic regime of south Florida, the accuracy of simulated values is important and need further investigation.
